iii) Results. The results show that the green, brown and blue filters, do not cause significant changes in contrast sensitivity when compared with a grey filter of equal luminance, although chromatic discrimination is disturbed. Yellow and orange filters improve achromatic contrast at certain spatial frequencies, but impair chromatic discrimination. iv) Conclusions. Compared to grey filters of the same luminance, yellow filters may be useful when enhancement of low achromatic contrasts is desirable, although overall brightness decrements may occur. Nevertheless, these lenses cause tritanlike defects with discrimination losses increasing with the cut-off wavelength.
INTRODUCTION
Tinted lenses for everyday use should not cause visual acuity (VA) and contrast sensitivity (CS) losses or radical changes in the perception of colours. These lenses are generally worn with very high illumination levels or with intense scattered light, where a brightness decrement has beneficial effects. Although with all tinted lenses the overall transmittance of the prereceptoral media in the visible spectrum is reduced and the chromatic vision becomes altered to a greater or lesser degree, the visual system has mechanisms that partially compensate these effects. The light adaptation mechanisms may reduce the effect of the transmittance losses in such a way that, at least within a certain range, a reduction of the retinal illumination level does not result in reduced brightness 1, 2 On the other hand, the alterations of colour vision are compensated in a high degree by the colour constancy and illuminant discounting mechanisms 1, 2 and only with certain lenses the resulting chromatic alteration may be important.
The use of tinted lenses is increasing, and besides traditional grey, green and brown tinted glasses, other colours such as blue, violet and yellow are becoming popular. Short wavelength cut-off filters have roused a great deal of interest as they seem to improve vision compared with grey filters [3] [4] [5] , although the existence of significant changes has not been conclusively proved. The choice of a particular tinted lens is as likely to be dictated by fashion than by some other subjective criterion of the user. Nevertheless, if a filter is to be worn regularly, it is desirable that the subject's VA, CS and chromatic discrimination should not suffer. For this reason, it is necessary a detailed study of the performance of the more common tinted lenses in the market.
Tinted lenses reduce the transmittance of the visible spectrum and change colour perception to a greater or lesser degree 6, 7 . The effect is strongest with yellow and orange filters which cause tritan-like colour vision defects. Cut-off filters have been found to be useful for some low vision subjects [8] [9] [10] , probably due to their glare reduction effects. The use of these filters by healthy subjects has been justified by an alleged increase of image contrast. This improvement may be attributed to a decrement of the chromatic aberration effects [11] [12] [13] [14] [15] , to a brightness increment 1, 7, [16] [17] [18] [19] [20] , to scattering reduction 11, 12, 21 , or to a decrement of lenticular fluorescence [22] [23] [24] .
The effects of chromatic aberration are more noticeable in a high spatial resolution task. Since the VA, one of the tasks most sensitive to the presence of this aberration, is not improved with the use of tinted lenses, the effect of the reduction of chromatic aberration due to the lens probably will not improve the subject's performance in contrast discrimination tasks [11] [12] [13] [14] [15] . Nevertheless, it is likely that macula lutea and eye-lens fluctuations are enough to compensate reasonably the chromatic aberration of the eye 13 . Even though most tinted filters significantly reduce stimulus luminance, brightness increments have been found, and probably such increments play a role in the feeling of improvement in vision quality reported by some subjects 1, 7, [16] [17] [18] [19] [20] . According to Kinney 17 , the origin of this enhancement is the response increment of the opponent chromatic mechanisms due to the removal of the negative contribution of short-wavelengths. It has also been observed that pupil size increases with these filters, which may also contribute to the brightness increment 18 . The decrement of blue radiation arriving to the eye reduces also the scattering effects, which would justify the good performance of these filters under glare and bad atmospheric conditions 11, 12 . Nevertheless, the contrast enhancement due to scattering decrement has not till now been shown experimentally, although some authors suggest a slight improvement of contrast sensitivity to low spatial frequencies 21 . This property would justify the predilection of skiers and professional drivers for these lenses in foggy weather, because under these conditions detail perception is less important that the capability of detecting the presence of shapes and volumes, that is, low spatial frequencies. Finally, it has been found that the shortwavelengths removed by the cut-off filters produce fluorescence effects in the chromophore-containing proteins present in the eye lens [22] [23] [24] .
It is reasonable to believe that the different contributions of the phenomena discussed above result in a contrast increment. Paradoxically, however, and in spite of numerous works on the subject, it has not been possible to prove experimentally a significant improvement either in the CSF or in the VA, except for very particular setups, such as yellow tests on blue backgrounds 25 . Cut-off filters do seem to increase low contrasts when compared with grey filters (20% increments for 0.1 contrast whereas no differences are found for contrasts greater than 0.6) 4 . On the other hand, slight contrast sensitivity increments have been found in mesopic and, more perceptibly, photopic levels Colour vision of the observers was assessed with and without the tinted lenses using CRS's Colour Vision Test [26] [27] [28] . The discrimination threshold from white , ensured that the test was detected only if a colour difference between test and background was perceived. The size of the spots and the luminance distribution were kept constant for each background, whereas the chromaticity of the letter C was made to differ from that of the background along 12 directions on the chromaticity diagram. The task of the observer was to report the position of the gap in the C, which changed randomly. The stimulus disappeared after three seconds; the program treated a lack of response within this interval as a failure to detect the test. A staircase procedure was used to determine the minimum colour difference that made the observer's response reliable for a given colour direction. Once the discrimination thresholds from each given background were measured, the Colour Vision Test determined the parameters of the ellipse that fits best the data.
Experimental sessions
Three male and seven female observers, with ages ranging from 22 to 34 took part in the experiment. Both the Farnswoth-Munsell 100 Hue test and CRS's Colour Vision Test determined that the colour vision of all the observers was normal. Two of the observers are the authors of this paper and the rest were experienced observers but naïve regarding the aim of the experiment.
In each session, the observer was preadapted to a 13 cd/m 2 achromatic homogeneous field (x=0.29 y=0.31) subtending 30° generated by an ordinary 14''-CRT monitor in a dark room. The observer viewed the adaptation stimulus for three minutes, wearing the same lenses that would use during the experiment, after which was placed at 3 m from the stimulus generator for the measurement session.
The measurement of each CSF took about 10 minutes. The measurement of the chromatic thresholds around a given background varied from 15 to 20 minutes.
The measurement sessions were tailored so that they never took longer than 25-30 minutes.
RESULTS

CSFs
The average contrast sensitivity of the observers without lenses was better than with any of the lenses used in the experiment, except if the spatial frequency is high, when the contrast sensitivity with the yellow lenses was largest ( fig. 2 ). The greatest reduction in overall contrast was with the BROWN and GREEN filters. 
where ( ) the range considered will probably have little effect on the CSF, as can be seen from our results with the reference grey filters (Figure 3) . Although with the GREYA filter the sensitivity is greatest, the differences between GREYC and GREYB do not seem consistent with a retinal illumination change because the two curves are very close to each other and cross over occasionally.
Figure 3
In Figure 4a -c we represent the ratios between the CSFs obtained with the coloured filters and with the corresponding reference. In Figure 4a , we represent these ratios for the YELLOW and CPF450 filters. The sensitivity changes that occur for 3, 4, 6 and 8.8 cpd are small. When spatial frequency is very low (1 and 2 cpd), the contrast sensitivity with these tinted lenses, and particularly with the YELLOW filter, is notably worse than with the GREYA filter. For 4 and 12.6 cpd the sensitivity with the CPF450 filter is better than with the grey filter, and the same happens, although in a lesser degree, with the YELLOW filter. In fact, for 4 cpd the relative improvement induced by the YELLOW filter is negligible. To determine whether a ratio different from one was significant, we performed an one-way ANOVA with the results of our ten observers with the tinted filters and the reference grey lens for each frequency. Only the differences between CPF450 and GREYA were statistically significant (p<0.05), and this just for the higher frequencies (8.8, 12.6 and 19 cpd).
We may conclude that the CPF450 filter significantly improves sensitivity at 12.6 cpd.
The orange CPF527 filter is compared with GREYB in Figure 4b . The behaviour is similar to that observed with CPF450, the frequency for which the sensitivity increment is largest changing from 12.6 to 8.8 cpd. Nevertheless, the differences between CPF527 and GREYB are not statistically significant (p>0.05).
Finally, the three remaining filters, GREEN, BLUE and BROWN are compared with GREYC in Figure 4c . These three filters behave similarly, all of them presenting a maximum loss of sensitivity at 6 cpd. The three curves have approximately the same shape and only differ in a scaling factor, with the CSF obtained with the BROWN filter at the bottom and with the BLUE at the top. The sensitivity losses at high frequencies become smaller, so that at 19 cpd with the GREEN filter and above 8.8 cpd with the BLUE filter, the sensitivity is greater than with the GREYC filter. At low spatial frequencies, the sensitivity obtained with the filters is always smaller than or equal to the sensitivity measured with the grey filter. The differences in behaviour between these four filters are statistically significant at 3cpg only(p<0.05). To separate the effects due to the colour of the filters from those due to their luminance, the discrimination ellipses of the coloured filters were compared with those of a grey filter of a similar luminance. The minor axes of the ellipses obtained with the coloured filters and the reference grey filter were similar. In the region of worst discrimination, the discrimination losses associated to the use of the CPF filters were approximately twice that of the other coloured filters. In all cases, discrimination was worst with CPF527.
DISCUSION
Tinted lenses should not significantly impair the performance of the visual system. This study examined contrast sensitivity and chromatic discrimination. Once the effect of our six coloured filters on these two parameters is known, we shall discuss some aspects of spatial vision. In particular, we wanted to ascertain how tinted lenses would affect the perception of achromatic complex objects. To this end,
we have filtered a set of four different black-and-white photographs with the mean CSF obtained with each filter and simulated the appearance of the resulting image (in Figures 6 and 7only two illustrative examples are shown). The effect of each filter in chromatic discrimination will serve finally to determine which of the tinted lenses used combines an enhancement of achromatic contrast sensitivity with the smallest impairment of chromatic vision.
We have assumed that the visual system (VS) may be described in the spatial domain by a two-dimensional version of the CSF The perceived image L VS+lens (x,y) will be simulated by the spatial luminance distribution L s (x,y), verifying that the subject without lenses will perceive the same viewing L s (x,y) as when viewing L 0 (x,y) with the lenses. Therefore, L s (x,y) must verify:
From (2) and (3) ( ) ( )
Note that this procedure does not completely remove the influence of the reader's CSF, which might significantly differ from the CSF VS obtained as the mean of our 10 observers.
In Figure 6 we show the results of the simulation with the nine filters used.
Compared with GREYA, filters CPF450 and YELLOW enhance the borders of the image (consider, for instance, the sharpness of the folds in the hatband and of the features of the model in the three images). The same effect is visible when comparing GREYB with the orange CPF527 filter, although, on the other hand, the dark background becomes more uniform, the shadow of the left-hand rafter merging with the wall. The differences between the images obtained with the darker filters (GREYC, GREEN, BROWN and BLUE) are small and seem strictly confined to image brightness, which is slightly higher with the BLUE filter. From this image, we might conclude that the CPF450, YELLOW and CPF527 filters enhance the contrast of the scene. Nevertheless, this kind of assertion must be treated with caution, since the effect of the filter depends on the frequency content of the scene. For instance, in Figure 7 , the image on the left, obtained with GREYA, shows more clearly the barrel of the key in the middle than the other two filters, with which this key would appear to be thinner.
CONCLUSIONS
In conclusion, the lenses whose luminance is comparable to the GREYC filters do not improve contrast and decrease slightly image brightness; with lighter filters, of luminance comparable to GREYB or GREYA, the coloured yellow and orange filters are capable of enhancing low contrasts, although brightness may decrease. Thus, the CPF450, CPF527 and YELLOW filters may be useful when enhancement of low achromatic contrasts for middle and high spatial frequencies is desirable.
Nevertheless, we have shown that these lenses cause a tritan-like defect in the wearer, with discrimination losses in the yellow-purplish region that are largest for the CPF527 and smallest for the YELLOW filter. These results are consistent with the literature [3] [4] [5] [6] [7] [16] [17] [18] [19] [20] . The use of the YELLOW filter would be more advisable, as it is capable of enhancing contrast with minimum disturbance of the user's chromatic vision.
The GREEN, BROWN and BLUE filters do not introduce significant brightness and contrast changes when compared with their reference grey filter. All three filters cause chromatic discrimination losses, but these are of the same order as with the reference filter. The changes in colour vision induced by these filters cannot be classified either as tritan, deutan or protan, because the major axis of the discrimination ellipses are not oriented along any particular dichromatic confusion line. The chromatic discrimination losses along these axis are slightly greater than with the reference grey filter. In this case, the use of the grey filter would be more advisable than any of these three tinted lenses. 
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